presence of pulmonary hypertension, hemodynamically significant left-to-right shunt, adequacy of the rims on the TTE (superior vena cava [SVC] rim, inferior vena cava [IVC] rim and posterior rim >4 mm; AV valve or mitral rim >7 mm), and absence of any other cardiac lesion requiring surgical intervention. The aortic rim was deficient in majority of cases. As for the symptoms, failure to thrive (FTT) was defined as weight for age ≤5 th percentile. [11] Frequent respiratory tract infections (RTI's) were defined as ≥6 events per year (or part thereof) requiring antibiotics. [12] Size of the defect vis-a-vis the age and weight of the child, no matter how large, was not considered as a contraindication for the device closure as long as the surrounding rims were found to be adequate. Informed written consent was obtained from the parents.
The procedure was done under general anesthesia. A l l t h e c h i l d r e n u n d e r w e n t t r a n s e s o p h a g e a l echocardiography (TEE) for reassessment of the defect size and surrounding margins prior to device closure. The ASO was used in all the cases. The device size was selected based on the maximum diameter of the ASD as determined on TEE at 0°, 45°, and 90°. The ASO used was either equal to or about 10% more than the maximum ASD diameter. Balloon sizing was not done in any of the patients. The length of the IAS was measured at 0° and 90° and the longer of the two measurements was used to define the length. Although the IAS length was estimated, it did not determine the maximum size of the device to be used. After obtaining the venous access, heparin was administered in the dose of 100 i.u/kg. Thereafter, 50 i.u./kg of heparin was administered every 30 min if the procedure time extended beyond 60 min. Activated clotting time was not monitored during the procedure. Intravenous (IV) antibiotic was given 1 h before and 8 and 24 h after the procedure. Postprocedure, children were observed for 24 h and were discharged on oral aspirin in the dose of 5 mg/kg/day for 6 months. All of them underwent predischarge ECG and TTE.
Children were followed at 6 weeks, 6 months, and yearly thereafter to assess the symptomatic status, catchup growth, device status, residual shunt, reversed remodeling of the right heart, and for the occurrence of any complication.
RESULTS
Patient characteristics and indications for closure are summarized in Table 1 . The youngest child was 8 months, while the smallest weighed only 5.7 kg. Repeated RTIs and significant FTT were the most common indications for ASD closure at such a young age. Surprisingly, none of the patients had congestive cardiac failure.
INTRODUCTION
Atrial septal defect (ASD) constitutes 8%-10% of the congenital heart defects in children. The secundum ASD accounts for nearly 75% of all ASDs. [1] Since the introduction of transcatheter device closure for secundum ASDs in 1976 by King et al., [2] there has been a paradigm shift in their management. Over the years, the procedure has evolved significantly to become a treatment of choice in many institutions. The Amplatzer septal occluder (ASO) is the most widely used device owing to its user-friendliness and high success rate. [3] Various studies have reported transcatheter closure to be as effective, and with lower complication rate, as compared to surgical closure. [4, 5] However, most of these studies have included bigger children, adolescents, and adults. [4] [5] [6] Although a few studies have demonstrated the feasibility and reasonable safety of transcatheter ASD device closure in very young children, [7] [8] [9] [10] none of them have addressed important issues like how large a defect is too large for device closure, how to select the size of the device, does the length of the interatrial septum (IAS) matter in the device selection, and is there a need for using modified techniques to achieve successful deployment of the device in this subset of patients which is characterized by relatively large defects in small hearts.
In this study, we report 45 children weighing ≤10 kg who were considered suitable for percutaneous ASD device closure with a special emphasis on defect size, patient and device selection, and technical modifications for a successful device deployment along with the follow-up data pertaining to their safety and efficacy. This is perhaps the largest cohort of children weighing ≤10 kg undergoing device closure with the longest follow-up.
MATERIALS AND METHODS
Between June 2010 and January 2018, a total of 45 children weighing ≤10 kg, were selected for percutaneous ASD device closure.
After obtaining a detailed history from the parents, all the children underwent thorough physical examination, a baseline electrocardiogram (ECG), and chest X-ray. A transthoracic echo (TTE) was performed, and the diameter of the ASD and length of all the rims were measured in multiple planes from different views. The associated valvular lesions or additional shunts were noted. The pulmonary artery pressure was estimated taking into consideration the peak velocity of tricuspid regurgitation jet by continuous-wave Doppler and using modified Bernoulli equation.
The selection criteria for the device closure at such a young age and small weight were symptomatic status, Annals of Pediatric Cardiology / Volume 13 / Issue 1 / January-March 2020 associated cardiac lesions. However, only one of them with a patent ductus arteriosus underwent device closure in the same sitting, while in the others, the lesions were found to be hemodynamically insignificant and were, therefore, left alone.
In two patients who had pulmonary arterial hypertension (PAH) on TTE, PA pressures were estimated at cardiac catheterization and were found to be less than half of the systemic pressures. They underwent device closure without any tests for reversibility of PAH.
The defect characteristics and the procedural technique used are summarized in Table 3 . During the TEE evaluation, one patient was found to have a deficient and floppy IVC rim, while the other had a deficient SVC rim. Hence, they were advised to undergo surgical closure of their ASD. The procedure was successful in rest of the 43 cases. Two patients had fenestrated secundum ASD which was closed using a single device since the fenestration was placed in the immediate vicinity of the main defect. On TEE, the median defect size was found to be 15 mm (9-27 mm). The defect size (in mm) to weight (in kg) ratio was >2:1 in 11, >1.5:1 in 17, and >1.2:1 in 11 patients. The mean IAS length was 30.6 ± 3.75 mm (22-37 mm), and in nearly 40% (17/43 cases) of the total study group, the left atrial (LA) disc size was found to be greater than the IAS length.
ASO (Abbott, USA) was used for closing the defect in all. The device to defect ratio in the study group was 1.14 ± 0.04 (1.04-1.2). The various techniques of device deployment, included the left upper pulmonary vein technique in 42% cases, regular in 35%, balloon assisted in 14%, right pulmonary vein in 7%, and left atrial disc engagement-disengagement technique (LADEDT) using the left atrial appendage for engagement in 2%. In all the three patients where right upper pulmonary vein deployment technique was successfully used, there was a failed attempt with the left upper pulmonary venous technique. Out of 11 patients who had defect to weight ratio ≥2.0, all needed a modified technique with three requiring balloon-assisted device closure.
There were three complications related to the procedure. Two cases had rhythm disturbance, one developed transient Mobitz Type 1 atrioventricular (AV) block immediately after the device placement which reverted to normal AV conduction with the use of IV steroids and atropine. The other child had 2:1 AV block after 24 h of device deployment which reverted to 1:1 conduction after 48 h of oral steroids and nonsteroidal anti-inflammatory drug (NSAID) treatment. The third case developed Grade II mitral regurgitation (MR) at the time of deployment due to trauma to the anterior mitral leaflet (AML). The parents refused surgical removal of the device with repair of the mitral valve. During the follow-up, she continues to have moderate MR with mild left atrial and left ventricular enlargement with normal left ventricular contractility.
The mean follow-up period was 18.5 ± 17.9 months with median of 12 months. Out of 43 patients, 41 had catch-up weight above the fifth percentile for age, on follow-up [ Figure 1 ]. None of the children had repeated RTI following the device closure. Apart from the frequency, the severity of RTI in terms of their duration and response to antibiotics, came down remarkably. The reversed remodeling of the right atrium and the right ventricle were subjectively seen in all, but no objective estimates of the right-sided structures were made. There were no delayed complications in the form of device embolization, thromboembolism, residual shunt, cardiac erosion, or heart block. 
DISCUSSION

Age and weight of closure
In asymptomatic or minimally symptomatic children, ASD device closure is routinely done in the preschool going age of around 4 years with children weighing about 15 kg. [13] [14] [15] [16] However, in this study, the mean age (25.71 months) and weight (8.99 kg) were much less in view of the symptomatic status of these children with or without elevation of the pulmonary arterial pressures (PAP). Recent studies have adequately documented the feasibility of device placement in this subset, but the complication rate has been significant, especially in those who were small and very sick due to bronchopulmonary dysplasia. [7] [8] [9] [10] 17] In some earlier studies, such smaller children as a relative contraindication for device closure and suggested surgery. [18] [19] [20] In the present study, we have confirmed the feasibility of the closure but have also established the safety of the procedure.
Indications for early closure
Majority of children with ASD are either asymptomatic or minimally symptomatic in infancy and early childhood despite large shunt size. [21, 22] However, in some, large left-to-right shunt can result in repeated RTIs requiring frequent use of antibiotics or even hospitalization, significant FTT, frequent episodes of wheezing requiring visits to the emergency room for nebulization, presence of heart failure, or pulmonary hypertension. [7] [8] [9] [10] [23] [24] [25] The entire cohort, which is a subject of the present study, required early device closure due to one or more of the above-mentioned indications. Surprisingly, none of them had heart failure despite large defect size.
Choosing device size in small children
There is no standard rule to determine the device size for ASD closure. Some groups insist on balloon sizing using stop-flow technique, [10, 17, 26] while the others measure the ASD size on TEE in various planes to determine the device size. [27, 28] In the present study, we have used the device size which was 0%-10% more than the maximum ASD size on TEE at 0°, 45°, and 90°. Some of the previous reports have recommended estimation of the length of the IAS and have avoided using a device whose left atrial disc length was greater than this length. [19] In this study, 26/43 children had a septal length which was more than or equal to LA disc length. In the remaining, despite LA disc length being more than the length of the IAS, the ASDs were closed successfully without compromising on the procedural safety in the short and intermediate term. This confirmed our belief that the echocardiographic assessment of the length of the IAS is likely to be underestimated on TEE probably due to the fact that its lie is not in one single plane. Furthermore, the ASO is sufficiently pliable to conform itself to the plane of the IAS in a curvilinear fashion. Therefore echo measurement of the IAS length should not be taken into consideration for selecting the maximum device size to be used in children.
How large atrial septal defect is too large for device closure
Although some of the earlier publications have recommended against using devices which are 150%-200% more than the weight of the child in kgs, such recommendations have been empirical. [19, 29] In the present study, device size as large as up to 300% of the body weight has been used safely and effectively. Logically speaking, children with large defects and adequate rim length (≥4 mm) are likely to have adequate heart size and septal length to accommodate correspondingly large devices, irrespective of their weight and age. In the present study, 35% had devices ≥150% and 44% had devices ≥200% of their weight in kg. This clearly shows that the size of the device vis-a-vis the weight or age of the child is not a limitation for device closure.
Why the technical modifications
Large ASD in children weighing ≤10 kg is associated with a small left atrial size resulting in its inability to accommodate the opened up left atrial disk. This lack of accommodation secondarily results in the malalignment of the LA disk with the plane of the IAS resulting in prolapse of the device across the defect. As a result, routine technique of device deployment [30] is likely to fail. Early in the course of this study, we made a number of attempts using the routine technique because LADEDT group of techniques was not standardized. Balloon-assisted technique (BAT) using Equalizer balloon (Boston Scientific, Natick, MA, USA) in this subset had problems related to introduction of the balloon due to its blunt tip and very high profile. For the same reasons, achieving hemostasis was also difficult and prolonged. These problems were overcome with the use of Amplatzer sizing balloon during the device delivery and the technique was used safely, effectively, and with much more ease in terms of balloon introduction and achieving hemostasis. Once the alternative techniques were standardized, [31] [32] [33] they were used to begin with while dealing with small children, rather than using them if the usual technique failed. Almost two-thirds (28/43) children in this study underwent successful device closure using one of the alternative techniques. Among these, the left superior pulmonary vein technique was most commonly used being simple to execute. However, BAT, which was used in six patients, was successful in all, wherein the attempts with the other techniques had failed. The successful deployment was possible in 100% of the patients with the use of either the routine or one of the modified techniques. Our data show that the device closure in small children is not only feasible, but it can be done with a great degree of predictability.
Efficacy
As seen in the earlier reports, all the children improved symptomatically with the catch-up growth being seen in 95% of the patients. [8] [9] [10] Reversed remodeling of the right heart was obvious even at the time of the first follow-up visit and by 6 months, all the patients had normalization of the right atrium the right ventricle as reported by others., [34, 35] This reversed remodeling of the right heart was judged subjectively without any objective assessment of right atrial or right ventricular size or volume. Bartakian et al. have found no difference in the rate of resolution of right heart enlargement after device closure in children weighing <15 kg. [17] Safety Only 1/43 patients who underwent successful device closure developed moderate MR which did not progress till the time of the last follow-up. This child required multiple attempts in order to achieve appropriate device deployment. During one of these attempts, she developed MR probably due to LA disc traumatizing the AML. Although some of the large devices extended up to the base of the AML sometimes even making a contact with the leaflet, there was no new occurrence of MR either acutely or over a period of time. In spite of the reversed remodeling, the growth of these children made the devices move away from the AML, reducing the chance of future occurrence of MR. However, AV valve regurgitation remains a potential complication with the use of large devices in children as reported before. [17, 36, 37] Two additional patients developed AV block. One had transient Mobitz type-I AV block after device placement which reverted spontaneously in the catheterization laboratory with the use of IV corticosteroids and atropine. The other child developed a 2:1 AV block after 24 h which reverted to 1:1 conduction after 48 h of corticosteroid and NSAID treatment. Although most of the reports of heart block are in the adult population, [38] [39] [40] children are not immune to it as was demonstrated by these 2 cases. Some of them revert to 1:1 AV conduction with medical therapy as it occurred in our patients, while the others need surgical removal of the device. [41, 42] If the device is removed early, majority regain normal AV conduction. [41, 42] Some studies have shown higher rate of major complications; however, this could be because of low sample size used in these studies and a sicker cohort. [7, 8] In our study, no major complications were seen either acutely or in the intermediate-term follow-up. Although device embolization is reported more often while closing large defects, it is the deficient margin (s) associated with these large defects or undersizing of the device which are the real culprits. Appropriate patient selection in terms of adequate margin length and device selection in terms of its relation to the largest diameter, helped in avoiding device embolization as has been shown in the earlier reports. [8, 13, 19] Very rarely, insufficient rim strength can result in device embolization despite adequately long rims. [43, 44] Fortunately, none of our children had a floppy rim incapable of supporting the device.
The median follow-up period for the study is about 12 months. The authors will publish 5-year follow-up data in due course for examining any complications on long-term basis.
CONCLUSIONS
Feasibility, efficacy, and safety of device closure of ASDs in small children weighing <10 kg is reaffirmed in this study. Defect size up to 300% of the weight in kg can be closed with a device of appropriate size so long as the defect rims are adequate. TEE measurement of the defect diameter in three standard views is adequate to decide the device size. The length of the IAS is not a limiting factor for deciding the size of the device since devices with LA disc longer than the length of the IAS can be accommodated in these small hearts. In view of the problems of accommodation of the opened up LA disc within these small left atria, one of the modified techniques is necessary in order to achieve the successful deployment of the device. Although there are finite complications, their incidence and severity are low. Based on our data, we recommend that children requiring ASD closure much before the traditional age and weight due to their clinical and hemodynamic status should be offered device therapy.
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